Abstract-This paper explores the feasibility of microwave imaging a buried object by the GA and using the S 11 parameter of a radiation antenna rather than data of the scattered electromagnetic field. To improve the efficiency of the GA-based algorithm, a technique of limiting the location of the buried object prior to the implement of the GA is proposed, and the GA is parallelized and executed on a PC cluster. A few numerical examples are presented, in which the dimension and location of a 3-D object buried in the earth are recovered. Results validate the proposed GA-based microwave imaging algorithm.
INTRODUCTION
Microwave imaging a buried object is a class of electromagnetic inverse problems. It has been widely used in sensing and remotesensing applications, such as geophysical exploration, medical imaging, nondestructive evaluation, and etc [1] . Many imaging methods have been proposed, e.g., the Genetic Algorithm (GA) [1] , the diffraction tomographic (DT) algorithm [2] , the Born iterative method (BIM), the distorted Born iterative method (DBIM) [3, 4] , the memetic algorithm [5] , and etc [6] [7] [8] .
The GA is an admirable global optimization algorithm that uses the genetic operators (selection, crossover, mutation) to search through a coding of a parameter space. It does not depend on initial set of conditions, and is able to converge to the global extreme of the problem [9] . Hence the GA has been widely employed in microwave imaging problems [1, [9] [10] [11] [12] [13] [14] .
There are some problems exist in the previous works on the GA-based microwave imaging. Firstly, most works are based on the utilization of the data of scattered electromagnetic field, but in practical cases, the measurement of the scattered electromagnetic field is very inconvenient. Especially many works even require data of the scattered field at many points [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] or at more than one frequency [15] [16] [17] , which makes a big trouble for practically applications of the microwave imaging technology. Secondly, in previous works [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , measurement points are essentially considered as sizeless points, and the dimension of antennas or probers are ignored, which may brings forth big errors in those cases; Thirdly, to reduce the complexity and consumed time of the imaging computation, the imaging domains in most works are very small, typically only a few wavelengths, which is not necessarily true in many practical cases.
This paper investigates the microwave imaging based on the GA for determining the location and dimension of a three-dimensional (3-D) object buried in a large-dimension and lossy earth. To overcome the problems mentioned above, it for the first time explores the feasibility of microwave imaging using the S 11 parameter (input return loss) of a radiation antenna rather than the data of the scattered electromagnetic field by the buried object. In comparison with the data of the scattered field, the S 11 parameter can be easily and quickly measured by employing a network analyzer.
The GA is a time-consuming algorithm [18, 19] . To improve its efficiency and reduce its computation time, a new technique of limiting the location of a buried object prior to the implement of the GA is proposed, and the GA is parallelized and run on a PC cluster.
In the following, the second section devotes to illustrate the imaging configuration. The proposed microwave imaging algorithm is introduced in the third section. A few numerical examples and their results are presented in the fourth section.
IMAGING CONFIGURATION
As illustrated in Fig. 1 , in this work, an object with electromagnetic parameters ε s , µ s = µ 0 , and σ s is buried in the earth. The air is assumed to be ε a = ε 0 , µ a = µ 0 , and σ a = 0. The earth is assumed to be homogenous and lossy with ε e = 2ε 0 , µ e = µ 0 , and σ e = 0.001 s/m.
A bowtie antenna with wideband properties is employed as a radiation antenna. Its configuration is shown in Fig. 2 . The antenna is placed 10 mm above the earth, and radiates microwave power covering a frequency band from 0.5 GHz to 2 GHz. At 1000 frequency points evenly distributed in the frequency band, the S 11 parameter of the antenna is measured by using a network analyzer during microwave imaging procedures. The whole microwave imaging domain is about 100λ × 100λ × 1λ, where λ is the wavelength at the frequency of 1 GHz. A coordinate system is set up, in which the planar interface separating the air and the earth is located at z = 0 and the z axis passes through the center point of the bowtie antenna. All dimensions in the coordinate system are in millimeter, so the bowtie antenna is located at (0, 0, 10 mm).
In this work, the location and dimension of the buried object are unknowns and need to be recovered by a microwave imaging procedure.
THE MICROWAVE IMAGING ALGORITHM

The S 11 Parameter of the Radiation Antenna
To estimate the impact of a buried object to the S 11 parameter of the bowtie antenna, a metal sphere with a radius of 30 mm is assumed to be embedded in the earth. By making use of the FDTD (Finite-Difference Time-Domain) method, corresponding S 11 parameters of the bowtie antenna under different conditions are computed and illustrated in Fig. 3 . From the figure, one can observe that the existence of a buried object and its location have an obvious impact on the S 11 parameter of the antenna. Therefore the S 11 parameter can be utilized in the microwave imaging for recovering physical information of a buried object. In this figure, the location of the metal sphere is denoted by the coordinate values of its center point.
The Forward Computation
The FDTD [20] method is efficient for modeling 3-D inhomogeneous objects and complex geometries. Hence in this work, a threedimensional FDTD code is wrote to compute S 11 parameters of the bowtie antenna under various conditions, which are needed for the GA-based microwave imaging. The computational region is discretized by Yee's grids [21, 22] , and a perfectly matched layer (PML) absorbing boundary condition (ABC) [22] [23] [24] [25] is used to truncate the computational region.
The GA-Based Microwave Imaging
The Genetic Algorithm (GA) [9] [10] [11] [12] is a robust, stochastic and global optimization method modeled on the principles and concepts of natural selection and evolution. The basic ideal of its applications in the microwave imaging is recasting a microwave imaging problem from an inverse scattering problem to a global optimization problem. It uses an iterative procedure that starts with a randomly selected population of potential solutions, and then gradually evolves toward a better solution through the application of the genetic operators, i.e., reproduction, crossover, and mutation operators. All unknown parameters, e.g., location and dimension of a buried object in this work, are coded by the following equation to a serial of binary codes:
where p is a unknown parameter, p min and p max are the minimum and maximum values admissible for p, b i is the L-bit string of the binary representation of p. Here, p min and p max are usually determined by prior knowledge of the object. The GA starts with a set of randomly constituted trial solutions that is called individuals. In this research, an individual is a set of location and dimensional parameters of a trial buried object. A collection of the individuals forms a population. Then, for every trial buried object, the FDTD method is employed to compute the S 11 parameter of the radiation antenna. Such calculated S 11 parameter is compared with the measured S 11 parameter. The difference between these two sets of S 11 parameters indicates how close the location and dimensional parameters of a trial object are to those of the actual buried object. By defining a fitness function, the difference between the measured and calculated S 11 parameters can be expressed by a fitness value. Assuming the S 11 parameters of the radiation antenna are measured or calculated in a frequency band from f L to f H , in this work, the fitness function is defined as,
where F itness is the fitness value, S measured 11 and S calculated 11 are the measured and calculated S 11 parameters of the radiation antenna respectively.
One observes from the Equation (2) that when the S 11 difference goes to zero, the fitness value would approach to one. Thus, the inverse problem of the microwave imaging is converted to a global optimization, and the goal of the GA is to maximize the fitness value using the selection, crossover, and mutation operations through an iterative procedure, i.e., find out a trial buried object that would result in a fitness value close to 1.
The Parallel Computation
The GA-based microwave imaging usually invokes hundreds or even thousands forward FDTD computations, hence is computationally intensive. Since the GA exhibits an intrinsic parallelism and allows a very straightforward implementation on parallel computers, we implement the GA-based microwave imaging into parallel computation to make the computation more effective.
The computation is parallelized in a master-slave model and is carried out in a Beowulf cluster system [1, 26, 27] , which is composed of 32 processors interconnected by a fast 1000 Mb/s Ethernet and uses the message passing interface (MPI) library.
A Technique to Limit the Location of the Buried Object Prior to the Implement of the GA
Due to the large imaging domain in this work, the consumed time of directly implementing the GA into a microwave imaging may be unaffordable. Hence a technique, which is able to limit the location of the buried object prior to the implement of the GA, is presented.
It is obvious that the impact of the buried object on the S 11 parameter of the radiation antenna is in inverse proportion to the distance between the radiation antenna and the buried object. We can measure and record the S 11 parameter of the radiation antenna in the absence of a buried object. Here we denote the S 11 parameter measured in the absence of a buried object as S 11 . If the buried object is far from the radiation antenna, the discrepancy between the measured S 11 and S 11 should be quite small. Hence, in a microwave imaging procedure, the discrepancy between the measured S 11 and S 11 can help us to judge whether the buried object is in the vicinity of the radiation antenna.
The discrepancy between the measured S 11 parameter and S 11 is defined as,
The Table 1 lists the distance between the buried object and the radiation antenna, as well as the corresponding values of DS 11 . From the table, we can observe that the value of DS 11 is in the inverse proportion to the distance. So the value of DS 11 can help us to limit the location of the buried object. In this work, prior to the implement of the GA in a microwave imaging, the radiation antenna is moved through the surface of the earth in the imaging domain point-by-point. At each point, the S 11 parameter of the radiation antenna is measured and then the corresponding DS 11 is computed. Finally, a point with biggest DS 11 is selected and the buried object should be in its vicinity. A circle is drawn with the point as it center. The radius of the circle is very important and should be carefully determined by experience or numerical calculations, because it should be a good tradeoff between ensuring the object to be included in the circle and making the dimension of the circle to be as small as possible. In this work, based on results of some numerical calculations, we set the radius to be 30 mm. The area circumvented by the circle will be the new imaging domain for the GA-based microwave imaging, and it is usually much smaller than the original domain, so that the performance of the GA-based microwave imaging can be greatly speeded up.
NUMERICAL RESULTS
To validate the proposed GA-based microwave imaging method, in this section, sample numerical results are presented and analyzed.
In the first example, the 3-D buried object is assumed to be a metal sphere with a radius R = 30 mm and buried at (60 mm, 50 mm, −50 mm).
Firstly, by using the technique of limiting the location of the buried object introduced in the last section, we measured the S 11 parameter of the radiation antenna in the absence of the buried object, and then moved the bowtie antenna on the surface of the earth through the whole imaging domain, and found the point with biggest DS 11 is at (67.5 mm, 46.875 mm). Hence a new imaging domain, roughly with x from 37.5 mm to 97.5 mm and y from 16.875 mm to 76.875 mm, is determined. Its size is only 0.0003% of that of the original domain.
The GA is employed for recovering the radius R and location of the metal sphere in the new imaging domain. In the example, the location of the metal sphere is represented by the coordinate values of its center point, i.e., x 0 , y 0 , z 0 . We adopts a binary GA, which employs tournament selection with elitism, single-point crossover with probability p c = 0.5, jump mutation with probability p m = 0.2. In a GA run, the GA uses 50 individuals in a generation. The fitness values, defined in Equation (3), for different generations are shown in Fig. 4 . From this figure, one observes that the fitness values increases from generation to generation. At the 28th generation, it is optimized to 0.96153, which is very close to 1 and represents a satisfactory match between the "measured" and the "calculated" S 11 parameters. Fig. 5 illustrates the microwave imaging results at the first and 28th generations as well as compares them with the actual parameters of the buried sphere. From the figure, one can observe that results obtained by the GA at the first generation are quite different with the actual ones, but become very close to the actual ones at the 28th generation. Figure 5 . Parameters of the buried object obtained by the GA at the first and 28th generations as well as that of the actual object.
It should be pointed out that the parallel computation greatly reduced the computation time in this example. The imaging procedure consumes approximately 2 hours by using the cluster system with 32 processors, but if it is implemented on one processor, the consumed time is about 45 hours.
The second example is to estimate the sensitivity of the proposed algorithm to the noise. In this example, all "measurement" data, i.e., "measured" S 11 parameters, are added 5% random noise. Except for the noisy "measurement" data, the imaging configuration and algorithm as well as parameters of the buried object and the GA are as the same as that in the previous example. Table 2 lists results obtained by the GA for different generations after introducing the noise. Though all "measurement" data have been added 5% random noise, and even the actual object has only a fitness value of 0.97328, the proposed algorithm still is able to precisely estimate the dimension and location of the buried metal sphere.
In the above two examples, the shape of the trial buried objects is assumed to be as the same as that of the actual buried object. In many practical cases, the shape of the buried object is complex or even can not be known in advance, which may result in that the shape of the trial buried object adopted by the GA can not be selected as the same as that of the actual one. It is important to assess the effectiveness of the proposed microwave imaging algorithm in those cases. Figure 6 . The image of the metal cube reconstructed by the GA at the 25th generation.
In this example, a metallic cube rather than a sphere is assumed to be buried at the (200 mm, −200 mm, −100 mm) with its length of 60 mm, but the trial object adopted by the GA is still a metallic sphere. Figure 6 shows the image of the buried cube reconstructed by the GA at the 25th generation. For clearly demonstrating the reconstruction result, both the actual and the reconstructed object are displayed. We can observe that the location of the buried object is correctly recovered. The dimension of the buried object is retrieved in a quite acceptable way, considering that the trial and actual buried objects are in different shapes.
CONCLUSION
In this paper, a GA-based algorithm has been proposed for microwave imaging an object buried in the earth. For reducing the difficulty of measurements in practical cases, it uses the S 11 parameters of a radiation antenna rather than data of scattered electromagnetic field. To improve its efficiency, the proposed algorithm is parallelized and runs on a PC cluster as well as employs a technique of limiting the location of the buried object prior to the implement of the GA. Hence the proposed algorithm can be applied in microwave imaging cases with a large imaging domain.
Three numerical examples, in which the location and dimension of a 3-D metal object buried in the earth are recovered. Results validate the proposed GA-based microwave imaging algorithm.
